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A B S T R A C T   
Metal mining plays a significant role in the Brazilian economy since its foundation as an overseas colony. The 
rapid increase in ore extraction brings along pressures on the country’s water resources, as mining is a partic-
ularly water-intensive activity. However, site-specific data on water input and management are scarce. We 
propose a methodology for estimating water input in mining at a high geographical resolution. We focus on the 
three key metals mined in Brazil: iron, aluminum (i.e. bauxite ore), and copper, and derive water input co-
efficients for all mines from governmental and corporate sources as well as from the literature. We estimate that 
overall, the sum of the water inputs estimated for Brazilian bauxite, copper, and iron ore mining decreased by 
15% from an average of 506.5±62.4 hm3 in 2014 to an average of 408.4±67.2 hm3 in 2017. The regions where 
most water was appropriated were Northern (Pará state) and Southeast (Minas Gerais) for iron, Northern (Pará) 
for aluminum, and Northern (Pará) and Central West (Goiás) for copper. We show that there are still significant 
consistency and data availability gaps, and that further work is still necessary to improve site-specific reporting 
and open access to data collected by public institutions.   
1. Introduction 
Water is essential for human survival. In addition, it is vital for 
important economic activities such as agricultural and industrial pro-
cesses. However, only 2.5% of the Earth’s abundant water resources are 
accessible freshwater and thus available for consumption or growing 
crops (USBR, 2019). According to FAO (2015) about 69% of the 10 km3 
of freshwater withdrawn per year worldwide are used in agricultural 
processes, 19% are used by industry (e.g. manufacturing and mining) 
and the remaining 12% for municipal use (e.g. use for households and 
public services). 
The mining sector needs water not only for ore extraction, but also 
for other phases of operation (e.g. dust suppression, equipment cooling, 
treatment, and processing) and transport (e.g. hydraulic transportation 
of ore in slurry pipelines). However, not all these phases require high 
quality water. The conceptual model of a water mine operation system is 
comprised by four elements: i) water received at the operational facility, 
described as an input, ii) divert flows, which is the water moved around 
or through the facility, iii) task-store-treat cycle and iv) outputs, repre-
sented by the return flows from the facility to the environment (MCA, 
2014). Each element can have different impacts on the environment 
such as impact on regional water resources through water abstraction or 
impact on water courses through diversion or releases of low quality 
water. And in cases where mines receive large amounts of water from 
rainfall, mine water management often has to deal with water excess 
rather than with shortages. However, despite the comparatively low 
absolute water quantities in use, the mining industries impact on local 
water resources can be remarkable (Northey et al., 2018). Consequently, 
the extent to which a mine is economically and technically viable as well 
as its impact on the local environment and communities are closely tied 
to the hydrological context it is located in Gunson (2013). 
Brazil has large mineral deposits and over time has become one of the 
largest producers worldwide of iron ore, bauxite, and niobium (World 
Mining Data, 2018). Official data show that in 2018 the mining sector 
accounted for 20.8% of the US$ 224 billion revenue from exported 
goods, generating a trade surplus in the mining sector of US$ 21.9 billion 
* Corresponding author at: Institute for Ecological Economics, Vienna University of Economics and Business, Welthandelsplatz 1/D5, 1020 Vienna, Austria. 
E-mail address: stephan.lutter@wu.ac.at (S. Lutter).  
Contents lists available at ScienceDirect 
The Extractive Industries and Society 
journal homepage: www.elsevier.com/locate/exis 
https://doi.org/10.1016/j.exis.2021.101015 
Received 23 February 2021; Received in revised form 3 November 2021; Accepted 3 November 2021   
The Extractive Industries and Society xxx (xxxx) xxx
2
(MME, 2020). 83.3% of the generated revenue comes from the export of 
iron ore (MME, 2020). 
Brazil holds approximately 12% of the global freshwater reserves, 
making it a country characterized by water abundance. Nevertheless, 
conflicts about water prevail, as water resources are unevenly distrib-
uted throughout Brazil (ANA, 2019). 
Estimates show that overall 1.6% of the total water withdrawn in 
Brazil go to mining, a quantity equivalent to the amount needed to 
supply the Brazilian rural population (30 million people) (ANA, 2019). 
The largest mining activities occur in the Amazon region (i.e. Pará and 
Amapá states), and in the central part of the country at Southeast and 
Central West (Goiás, Mato Grosso and Minas Gerais states). 
Compared to other water-intensive sectors (e.g. irrigation in agri-
culture) mining has a relatively high water productivity (measured as 
value added divided by water input). Globally, mining activities is often 
competing for water with other economic activities in the vicinity, such 
as irrigated agriculture, water supply and/or electricity generation 
(Gunson, 2013). This is not different in Brazil. A study conducted by the 
CPT (Pastoral Land Commission) compiled data on water conflicts in 
Brazil and concluded that 124 out of 197 conflicts originated in areas 
where ore extraction is prominent (Pacheco, 2018). 
In Brazil, the main regulatory framework for mining activities 
regarding the use of water resources is the National Water Resources 
Policy (Federal Law 9.433/1997). Especially for larger projects, a legal 
authorization for the water requirements for mine operations is required 
and issued by the state or federal water agency, according to the water 
source domain. In addition, mine operators should report, on a yearly 
basis, water balance data at the mine scale to the non-public database 
“Brazilian Annual Mine Report (RAL-ANM)“, among other information 
regarding production and revenues. 
More recently, national strategies like the PNRH (National Plan of 
Water Resources) and the National Policy of Water resources (ANA, 
2018a) rose from the perceived need to monitor water resources in 
Brazil more closely in order to improve water security and availability, 
reduce conflicts for water use and critical events such as disasters (i.e. 
dam breaks of Mariana and Brumadinho) (ANA, 2018a). 
However, despite attempts made, there is still no comprehensive and 
spatially explicit assessment of water inputs at mine scale in Brazil. Most 
of the available data sources provide data on a general basis with 
inconsistent terminology and are not geographically detailed enough (i. 
e. at municipalities, states, basins, or national level). In addition, these 
sources mostly do not provide any information on water discharges and 
related water quality issues. Hence, as mining can have very diverse 
impacts on the hydrological system, depending on the local environ-
ment, quantifying water input at the mine level is essential to get an 
insight in the sector’s impact. 
Research on water requirements in global mining has gained mo-
mentum in recent years. However, the scope of the different studies 
showed a great variety, and the reported figures vary considerably with 
regard to the indicators used as well as to the level of preciseness 
regarding which water flows were recorded (see below) (Northey et al., 
2019). 
Part of the technical and scientific literature uses the water input 
concept to assess the impacts of mining operations, often using the term 
“water withdrawal” as synonym for “water input”. Gunson (2013) 
published an extensive estimation of mining water inputs (i.e. water 
withdrawals) on a global scale using a large database of ore and 
concentrate production for 23 different metals. Northey et al. (2013) 
built upon the work by Mudd (2008) and estimated the energy, green-
house gas (GHG) emissions and water intensity, as a ratio of water inputs 
per ton of ore, of global primary copper production based upon company 
reports. Northey and colleagues (2017) expanded the data to assess the 
relative exposure of copper, lead-zinc and nickel resources to water 
risks, based on water availability on the environment and input re-
quirements for mine operations, considering a variety of spatial water 
indices. Just recently, they compiled a database of more than 8000 data 
points from around 360 mining company reports, classified according to 
mining industry water accounting. The USGS (United States Geological 
Survey) water reports (Lovelace, 2009; Dieter et al., 2018) adopt the 
idea of water withdrawals as a part of the overall water use on the 
estimation of water requirements by sector in the United States. 
On the other hand, some studies focus on the ratio of water being 
consumed (i.e. water inputs – outputs) for ore production. For instance, 
Mudd (2008) compiled the mine production data of 13 different metals 
in 20 countries reported in annual corporate reports and compared them 
with the data for water consumption (i.e. embodied water) in sustain-
ability reports released by the same corporations. Norgate and Lovel 
(2004) derived coefficients measured in cubic meters of water consumed 
per ton of metal produced from technical mining literature for various 
metals produced in different countries. With the same datasets from 
Gunson (2013); Gunson and colleagues (2012) created a model of water 
consumption reduction and theoretically demonstrated what could be 
the minimum water requirements to produce one ton of metal in a mine 
One of the most precise studies is an estimate of the water footprint 
of copper extraction and production in northern Chile by Peña and 
Huijbregts (2014), who quantified site-specific water requirements for 
the two main types of copper ore and their processing mainly based 
upon company and process data. While a mine’s impact on the envi-
ronment and local population an differ considerably from site to site, 
Northey and colleagues (2019) explain that also the processes and 
infrastructure from the mining operators must adapt to the diverse hy-
drological and climate settings. Tost and colleagues (2018) did a review 
and updated estimates on environmental impacts of mining regarding 
CO2 emissions, water withdrawal and consumption, and land re-
quirements for copper, bauxite, iron and gold mining. They showed that 
the quantification of the mining sector’s impact on the local hydrolog-
ical system must be embedded in a broader assessment of mining’s 
environmental impact. 
Ideally, assessments of water flows in mining would build upon real 
data reported by the mining companies themselves precisely specifying 
the sources and destinations of water. While data availability was 
restricted in recent years, Northey and colleagues (2019) observe that 
the site-specific reporting of water input in the mining industry has 
shown improvement over time. This is also due to ongoing standardi-
zation activities, which were kicked off in 2014 by the Mineral Council 
of Australia (MCA). In partnership with researchers at the University of 
Queensland, the MCA created the Water Accounting Framework for the 
Minerals Industry aiming to narrow the variability of reports sent to the 
Global Reporting Initiative (GRI) (MCA, 2014; Cote et al., (2013); 
Danoucaras et al., (2014); Kunz and Moran, (2016). In a next step, the 
International Council on Mining & Metals (ICMM) founded in 2012 
published the “Practical guide to consistent water reporting”, which 
builds upon the MCA framework and provides more guidance regarding 
assessment and reporting of water risks (ICMM, 2017). Finally, the 
newest GRI standard was released in 2018 and aims to improve the 
consistency and comparability of corporate reporting more effective 
through linking two standards on water effluents (GRI and CDP, 2018). 
Because of these relatively recent initiatives, it is to be expected that the 
situation will improve even further (Northey et al., 2019). 
Currently, there are only a few positive examples for comprehensive 
reporting on mining water flows. Chile as the biggest copper producer 
worldwide (USGS, 2020) has a specific commission to deal with Copper 
matters. The Chilean Commission of Copper (Cochilco) is aware of the 
relevance and associated risks of using water for copper production in 
arid areas and holds copper miners and producers to high standards 
when it comes to monitoring closely the amounts of water abstracted per 
ore produced, per processing method, region and operating scale 
(Cochilco, 2017). In addition to that, the Consejo Minero (Mineral 
Council of Chile) reports data on water abstraction per mine, dis-
aggregated by type of water (Consejo Minero, 2019). 
In Brazil, there were also attempts to quantify water input in mining. 
Examples are The Manual of Procedures for Grants and Water Use in 
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Industry and Mining (ANA, 2002) and The Management of Water Re-
sources and Mining (IBRAM and ANA, 2006). More recently, ANA 
(2019) published a report presenting the estimation of water input (i.e. 
withdrawal) time series for economic sectors at municipal level, 
including mining activities as a whole. This study presents a compre-
hensive guide for databases and methods used for water input and 
consumption estimations, providing specific water consumption co-
efficients for individual materials (i.e. iron ore, bauxite, manganese ore, 
coal, sand and clay, among others). Recently, Brazilian research in-
stitutions have been working on projects to improve theory and practice 
of ecosystem accounting. Data on water abstraction and consumption in 
mining are fed into comprehensive water accounts (with the current 
version covering the period of 2013–2017), which are among the most 
comprehensive and detailed in the world (IBGE and ANA, 2020). 
Despite these attempts, the overall availability of official data on 
mine-specific water inputs or consumption is still unsatisfying. Consid-
ering the data scarcity context and the gaps in time and space in the 
official information provided by company reports or governmental 
agencies, in this paper, we present a methodological proposal for 
comprehensively estimating the water inputs in the mining sector in 
Brazil by means of collecting available but not yet comprehensively 
compiled data. To test the methodology, we apply it to the three metals 
iron ore, bauxite, and copper ore and quantify spatially explicitly, i.e. 
per mine, the annual water input for each metal. Due to restricted data 
availability, we quantify water flows into a mine using the most 
comprehensive indicator “water input” independently from its source (e. 
g. surface water, groundwater, sea water, rain water or third party 
water), the quality, or the use within the mine, neither the quantities of 
water returning to the environment, which would allow quantifying 
“water consumption”. We recognize that this approach does not reflect 
the complete diversity of the interaction between a mine and the hy-
drological environment. However, we see it as an important first step in 
a data-scarce context for a comprehensive regional / national assess-
ment of mining-related water flows at the catchment scale. 
While we are aware of the fact that the mining sector is affecting the 
hydrological system in quantitative and qualitative terms, in accordance 
with the ISO14046 standards for water footprinting ISO, (2014), we 
focus on quantifying water inputs only. The reason is that degradative 
water requirements impact of mining are even more poorly reported by 
companies or official bodies and only rarely accounted for within life 
cycle inventory datasets. The field of complementing on-the-ground 
data by means of remote sensing and GIS and applying it to water re-
quirements in mining is just about to emerge (e.g., Werner et al., 2019). 
Moreover, quantitative water inputs can be understood as the underly-
ing pressure causing lower water quality and hydro-morphological 
changes due to river diversion, which are often sources of conflicts. 
2. Data and methods 
2.1. Identifying the scope of the study 
This study focuses on three specific metals mined in Brazil – iron ore, 
copper ore and bauxite. According to the Observatory of Economic 
Complexity (OEC, 2018), these three metals correspond to more than 
10% of all Brazilian exports. We choose these three metals, as Brazil is 
among the largest producers worldwide (iron ore and bauxite) and 
because copper is a well-analyzed metal, which allows comparing re-
sults to other studies. Based upon the data availability of regional/na-
tional production numbers per substance the period chosen for the 
analysis is 2014–2017. Also, the main estimates for water use in Brazil 
are updated until 2017 (i.e. ANA, 2019; IBGE and ANA, 2020) which 
make our proposal and main results comparable with official estimates 
in regional and national terms. 
Brazil is the second largest producer of iron ore in the world, holding 
1.7% of all identified crude iron ore reserves in the world, and the fourth 
largest producer of bauxite, holding of 8.7% of the global reserves 
(USGS, 2020). The main extraction sites for both metals are located in 
the state of Minas Gerais, for iron ore pits in the so called “Iron Quad-
rangle” (IQ), and in the state of Pará (SNL, 2018). Copper is extracted in 
the Brazilian North and Northeast, in the states of Pará, Maranhão, Bahia 
and Pernambuco (SNL, 2018). According to IBRAM (2012), in 2012 
Brazil had 2% of all known reserves of Copper in the world. 
Analyzing water management at the mine level requires taking into 
account the local climatic regimes. Due to its continental dimensions, 
Brazil has several climatic contexts and an irregular rainfall distribution 
across the country. Based on rainfall volumes and seasons, it can be 
divided in four main regions: Amazon, Northeast, Southeast and Central 
West and South Brazil (Rao et al., 2016). The Amazon has the highest 
rainfall volumes recorded in Brazil, up to 3.000 mm/year, according to 
ANA (2018a). The central part of Brazil (Southeast and Central West 
regions) is characterized by a seasonally changing pattern, with 6 
months of rain during the austral summer followed by 6 months of 
scarce rainfall (Rao et al., 2016), with annual averages of 1.500 – 2.000 
mm. South Brazil is characterized by well distributed rainfall throughout 
the year, with annual precipitation ranging from 900 – 1800 mm. The 
Northeast region is characterized by a scarce rainfall pattern (< 500 
mm/year) with an extensive semi-arid area, where small mining oper-
ations (i.e. copper and iron ore mines at the states of Ceará, Rio Grande 
do Norte and Bahia) takes place. Fig. 1 illustrates all the mining sites 
included in this analysis per substance and average rainfall for the study 
period 2014 – 2017. 
2.2. Method 
As mentioned earlier, from an environmental – but also management 
– perspective, a comprehensive assessment would encompass all stan-
dardized water reporting metrics: withdrawal, discharge and efficiency 
(storage and consumption) (MCA, 2014; ICMM, 2017). However, as will 
be shown later, despite the existing standards, water reporting in the 
metals and mining industry lacks homogeneity and clarity. While some 
company reports clearly identify the different flows and sources of water 
included in the assessment, others do not provide any or only imprecise 
Fig. 1. Mining sites per substance and average rainfall for 2014 – 2017. 
Rainfall data from CHIRPS v0.2 (Climate hazards group infrared precipitation 
with stations) (Funk et al., 2015). 




Level of detail on water information on company reports.  










Pocos de Caldas Freshwater quantity by source 
for the global operations 
Consumption surface water; groundwater; 
seawater; third-party water 
Yes Wet Tailings 




Juruti Freshwater quantity by source 
for the global operations 
Consumption surface water; groundwater; 
seawater; third-party water 
Yes Wet Tailings 
Bauxite Mina do Saracá 




(Mineração Rio do 
Norte SA, 
2014–2015) 
MRN 2015 water quantity by source 
for all operations, which in this 
case include only this mine 
Withdrawal, 
Catchment 
surface water; groundwater Yes Wet Tailings 
Bauxite CBA MG Sustainability 
Report 
(CBA, 2017–2018) Pocos de Caldas Production and water quantity 
for total of operations (all take 
place in Brazil) 
Consumption, 
Catchment 
surface water; seawater; 
municipal water; rainwater 
Yes Wet Tailings 
Bauxite CBA MG Sustainability 
Report 
(CBA, 2017–2018) Mirai Production and water quantity 
for total of operations (all take 
place in Brazil) 
Consumption, 
Catchment 
surface water; seawater; 
municipal water; rainwater 
Yes Wet Tailings 
Bauxite CBA MG Sustainability 
Report 
(CBA, 2017–2018) Itamarati de 
Minas 
Production and water quantity 
for total of operations (all take 
place in Brazil) 
Consumption, 
Catchment 
surface water; seawater; 
municipal water; rainwater 
Yes Wet Tailings 




Paragominas Total Water quantity per source 
per country. Includes 
extraction and conversion to 
alumina. However, states that 
conversion uses only 
wastewater from extraction. 
Withdrawal surface water; seawater; 
municipal water; rainwater 
Yes Dry Tailings (Tailing 
Dry Backfill 
technology) 






Water is pumped from São 
Francisco River; however, they 
only calculate the total amount 
pumped and the pipeline 
provides water to some towns 
and farmers on the way. 
Water intake, 
Consumption 
surface water; groundwater Yes Dry Tailings (Reports 










Chapada Water quantity per source and 
recycle for all operations in 
South America 
Withdrawal surface water; groundwater; 
third-party water; mine 
water 
Yes Wet Tailings 




Cascavel Report available but only data 
on Gold and not on Copper 
NA NA NA NA 




Antas They have mine specific water 
quantities per source but 
"Figures exclude Brazil 
operations as they were 
acquired part way during the 
year and will be reflected in 
subsequent year reports." 
Withdrawal surface water; groundwater; 
rainwater (reported as zero); 
municipal water 
Yes NA 
Copper Vale PA Sustainability 
Report 
(Vale, 2014–2018) Salobo Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Copper Vale PB Sustainability 
Report 
(Vale, 2014–2018) Sossego Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Vale MS Sustainability 
Report 
(Vale, 2014–2018) Corumba Total water quantity per 
continent and according to risk. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
(continued on next page) 
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Table 1 (continued ) 






Per source and operation also 
includes all continents. 
Iron Ore Vale MS Sustainability 
Report 
(Vale, 2014–2018) Urucum Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Vale MG Sustainability 
Report 
(Vale, 2014–2018) Itabira Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Vale PA Sustainability 
Report 
(Vale, 2014–2018) Northern 
System 
(Parauapebas) 
Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Vale MG Sustainability 
Report 
(Vale, 2014–2018) Mariana Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Vale MG Sustainability 
Report 
(Vale, 2014–2018) Minas Itabirito Total water quantity per 
continent and according to risk. 
Per source and operation also 
includes all continents. 
Withdrawal groundwater; surface water; 
third party; seawater; 
groundwater; surface water 
Yes Wet Tailings 
Iron Ore Usiminas MG Sustainability 
Report 
(Usiminas, 2017) Itatiaiucu Water quantity per source per 
mine. 
Consumption sea water; surface water; 
groundwater; municipal 
supply 
Yes Dry Tailings (Dry 
Stacking) 




Pau Branco Water quantity for all 
operations which in this case it 
is only one mine 
Consumption surface water; water 
lowering (ground water) 
Yes Wet Tailings 




Miguel Burnier Data for other operations but 
not for mining 
NA NA NA NA 
Iron Ore CSN Mineração MG Sustainability 
Report 
(CSN, 2014–2017) Casa de Pedra Total water quantity for the 
mining operations 
Withdrawal surface water; groundwater; 
rainwater; municipal water 
Yes Dry Tailings 









ground water; surface water; 
rain, snow melt and glacial 
water; sea water; potable 
from external source; non- 
potable from external source; 
waste water 
Yes Dry-Tailings Disposal 
and Non-Aqueous 
Processing 




Serra Azul Water quantity per source for 
all operations in Brazil. 
Withdrawal surface water (self- 




(reported as zero); seawater 
Yes Wet Tailings 




Andrade Water quantity per source for 
all operations in Brazil. 
Withdrawal surface water (self- 




(reported as zero); seawater 
Yes Dry Tailings  
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specification (Table 1). Different terms often are used as synonyms – 
especially “water consumption” and “water withdrawal” being often 
used as synonym for each other and for “water input”. We therefore 
decided to quantify “water input”, as the broadest indicator defined as 
“volume of water which is received by the operational facility for 
intended use by the operational facility” (MCA, 2014). This is to allow 
including all numbers reported in the analysis. This approach comes 
with some challenges, as apart from the metal-related processes in place, 
water input is strongly influenced, by (1) the local availability of rain-
water and (2) the reuse of water at the site, the latter being largely 
dependent on the tailings disposal option. Hence, a meaningful analysis 
has to take these aspects into account, which will be done in the course 
of this work. 
The general approach applied in this paper to quantify water input in 
the mining and processing of the three metals consists of three steps 
(Fig. 2): (1) quantify the metal production at the mine level, (2) identify 
the water intensity of each mine, and (3) quantify water input per mine 
and consequently per ore production in Brazil Using the reported pro-
duction tonnage to estimate water inputs can be misleading, as factors 
relevant for quantities of water input like dust suppression or processing 
technique are only to some extent related to production numbers. 
However, information about dust suppression distribution is not avail-
able for most of the mines, and on tailings and processing only for some 
mines (Table 1). Hence, in line with different scholars (e.g. Tost et al., 
2018; Northey et al., 2019) and national reports like of Lovelace et al. 
(2009), Dieter et al. (2018) and by ANA (2019) we use production 
numbers to estimate water input. 
In the following the three steps are described in more detail. 
2.2.1. Step 1: quantify metal production at the mine level 
Firstly, we built a consistent spatial database including operational 
sites for the 3 substances. For the identification of the locations of active 
mines where the three metals are extracted we used: the SNL and ANM 
spatial databases (i.e. SIGMINE – the Brazilian Geographical Informa-
tion Systems for Mining) that contain specific geographic coordinate 
location of mines (SNL, 2018; ANM, 2019). 
The SNL database compiled by SNL Financial is a comprehensive 
data collection on mining activities at global scale. For Brazil, SNL maps 
752 mining sites for 23 different mineral substances (SNL, 2018), 260 of 
them were classified as “active” and 122 being for the 3 substances of 
interest for this study. 
SIGMINE is a geospatial database developed by the Brazilian Na-
tional Mining Agency (ANM) representing all indexed areas of intended 
mining exploration (ANM, 2019). The Brazilian Mining Code defines 
licensing phases that allow mining properties to operate for commercial 
purposes. As of 2019, over 30.000 registered areas in SIGMINE operated 
in said phases - 782 registered for iron, copper and bauxite exploration. 
A cross check validation was made between the SNL and ANM entries, 
validating SNL points with the official SIGMINE data. 
Secondly, for validating the spatial database, we verified the activity 
status of the entry points. That was done by comparing them to high- 
resolution images based on Google Earth imagery identifying open-pit 
sites, as well as by verifying tax revenues for the Financial Compensa-
tion for Mineral Exploration (CFEM). The CFEM is a monthly tax on the 
net billing of the mine operators, collected in the municipal level. It was 
assumed that mining companies that contributed to the CFEM during the 
analyzed period were operational (ANM, 2020). Production data for 
each mine was obtained by a two-step method: (1) gathering official 
production reports published by companies that operate the mines, and 
(2) an indirect estimation using national/regional official datasets for 
substance production (Fig. 3). 
The first step was to compile the information available in the SNL 
database (SNL, 2018), and then validate it or complement it with pro-
duction data from company reports. Furthermore, for mining sites 
without information from the SNL or company reports, we used an in-
direct method for the estimation of substance production at mine scale. 
These estimates for iron ore production data were done by using the 
main difference between national production totals by the Brazilian 
Institute of Geography and Statistics Industrial Yearly Research (PIA) 
(IBGE, 2016–2018) and the sum of the production data obtained by the 
reports. For copper, where mine-specific primary production data was 
not available in the reports, we used the centre of Mineral Technology 
dataset (CETEM, 2020), as a source to estimate the difference between 
the sum of production data by the reports and the total production in a 
state as a basis to disaggregate regional numbers for the mine scale. 
These estimates for iron ore and copper mines resulted in totals of 
production data for the mines that did not have official reports, which 
were then distributed to each mine according to the proportion of the 
revenues each operation has recorded in the CFEM database. This dis-
tribution process was also done for mines whose companies reported 
production data in totals or groups of mining sites, by distributing the 
reported production proportionally to each mine’s contribution to the 
Fig. 2. Workflow of the water input quantification process based on production numbers (ton) and specific water input coefficient (m3/ton).  
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company’s overall revenue in the CFEM database. In cases where a 
company had more than one mine in the same municipality, the esti-
mated production values were distributed equally between the sites. 
As for bauxite, only mines with production data published by the 
Brazilian Aluminum Association (ABAL) were used for this research 
(ABAL, 2018). ABAL’s data is obtained directly from the associated 
companies. Due to uncertainties on ABAL’s reported production 
amounts assessed with other national sources (i.e. ABAL’s numbers 
higher than other sources for the whole country due to methodological 
issues), we limited our study to 14 of 33 bauxite mines. 
Once we cross checked data from databases (SNL, SIGMINE, IBGE, 
ANM, ABAL, among others), it was possible to make a list of munici-
palities with production of iron ore, bauxite or copper ore as primary 
substance produced. We identified 35 municipalities with 75 mining 
sites where iron ore was produced, 10 municipalities with 14 mining 
sites where bauxite was produced, and 8 municipalities with 8 mining 
sites where copper ore was produced (Fig. 3). 
2.2.2. Step 2: identify water intensity of each mine 
To quantify the water intensity of each mine contained in the dataset, 
we aimed at identifying a water input coefficient per mine, calculated as 
quantity of water input divided by quantity of metal ore produced. The 
primary source for water input coefficients were sustainability (SR) and 
production reports (PR) published by several companies. The different 
levels of detail in these reports can be divided in three groups (Table 1):  
1) Publications that report total water input or a coefficient per mine. 
2) Publications that report total water input for all the company’s op-
erations in Brazil, allowing the calculation of a national average 
coefficient of the company.  
3) Reports of multinational companies that account for water input in 
the total of their global operations, where uncertainty is too large as 
to use the data in this study. 
In the following, we illustrate these three types by means of specific 
examples. For iron mines, out of the 35 companies operating in the 
country, only four - Anglo American, ArcelorMittal, Vale and Usiminas - 
have sustainability reports available. For the former two corporations, it 
was not possible to determine coefficients for the mine level, since the 
data for water input is presented in company totals only. As these 
numbers include operations abroad, the coefficients calculated would 
not be representative of the sites operating in the country. 
Likewise, Vale also reports its water input (i.e. withdrawal) in 
company totals, including operations in Brazilian territory and abroad. 
However, since most of Vale’s mineral production corresponds to iron 
ore operations located in Brazil (~ 80%), the company’s total water 
input was considered adequate for estimating coefficients, following the 
method applied by MMA (2011). There is a regional difference between 
the ore processing techniques used on the Brazilian North and in the 
Minas Gerais system’s mine sites, which differ considerably with regard 
to their water intensity (Vale, 2021). In the North the prevailing tech-
nique is dry processing, while in Minas Gerais it is wet processing. 
Hence, we propose to apply a weighted average based upon the 
respective shares of dry and wet processing per site in the overall 
regional annual production to estimate the iron ore-specific coefficient 
Fig. 3. Gathering, estimating, and distributing production data at mine scale. (Number of points in data availability, level of detail and distribution method boxes are 
for 2017. 
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for these two techniques. 
Out of the 33 bauxite sites operated by 25 companies, only three had 
sustainability reports published - Alcoa, Companhia Brasileira de Alu-
mínio (CBA) and Mineração Rio do Norte (MRN). CBA, referring to 
water consumption, and MRN, referring to water withdrawal, report 
production and water input for the total of their operations. Since these 
companies operate in Brazil only, the company’s national average co-
efficients were calculated. Alcoa publishes sustainability reports for 
their subsidiaries that operate in the country. Their water input data 
include both mining and processing facilities presented as values of 
water use intensity. 
Mine-specific water coefficients were selected according to the 
following logic: (1) For all the mining sites with the same operator (or 
subsidiaries) providing company reports, we adopted an annual average 
specific coefficient for the reported mining sites as provided in the re-
ports. (2) For companies or mining sites without any information about 
water input, we adopted an annual average coefficient obtained from 
reports published by other companies that operate in Brazil validated 
with the literature. About copper mines, due to the lack of water input 
information for the years 2014–2016 we used an average coefficient 
obtained from the literature (0.54 m3/ton), for 2017 we follow the 
method used for iron ore and bauxite mines as described above. 
In addition the data published by Tost et al. (2018), we also compiled 
coefficients published more recently (e.g. Northey et al., 2019) or by 
non-scientific sources (e.g. MMA, 2011; DGA, 2017). Table 2 provides 
an overview of these sources used for validation of specific coefficients 
and the reported coefficients obtained for Brazilian mining operations. 
Specific water input coefficients used per mine for this study are avail-
able on the supplementary material. 
2.2.3. Step 3: quantify water input per mine and per metal production in 
Brazil 
To quantify water input per mine and for overall production of the 
three metals in Brazil, for each metal we multiply mine production 
numbers with the water input coefficient. The identification of the water 
input coefficient per mine was made according to the level of details of 
the reports described in Step 2. 
To address the uncertainty for the coefficients reported and 
estimated, we calculate for each mine a range of water input values 
using the standard deviation (SD) of the coefficients per company for the 
period of 2014 – 2017. When it is available the SD per mine site or 
company was obtained considering all the coefficients reported on a 
yearly basis, thus the water input (i.e. lower and upper limits) was 
calculated considering the coefficient per year per mine site or company 
± SD of all coefficients over the period for mine site or company. For 
mining sites without any information about water inputs, a specific 
average coefficient was used to estimate water input ranges (i.e. national 
average coefficient per year± SD for all reported specific coefficients). 
3. Results 
3.1. Specific input coefficients for Brazilian mining operations at mine 
level 
Considering the water input reported in Brazilian company reports 
surveyed, input coefficients for bauxite, copper and iron ore are in the 
same order of magnitude as those reported in the international literature 
(see Table 2 for detailed information or Table 3 for the range of co-
efficients obtained per metal). The compiled data have demonstrated 
two principal aspects: i) coefficients vary for specific metals, and ii) 
there is a large variability for the same metal mined by the same com-
pany over time. 
Our results show a moderate variability in water input (m3/ton of 
substance). Specific coefficients applied to iron ore sites range from 0.11 
m3/ton up to 1.44 m3/ton and 0.54 m3/ton up to 2.15 m3/ton for 
bauxite. For bauxite, the most water-intensive company was the CBA, 
showing an average of 1.99 ± 0.27 m3/ton, increasing the average water 
input per ton for this substance. Excluding CBA’s coefficients, the 
average coefficient for bauxite ore was 0.85 m3/ton, slightly higher than 
the average coefficient for iron ore operations for the period of 2014 – 
2017 (0.7 m3/ton).In terms of iron ore coefficients per company over 
time, Vale’s results indicate water inputs from 1.23 m3/ton (2014) to 
1.16 m3/ton (2017) for wet processing (average of 1.27 ± 0.12 m3/ton) 
and 0.21 m3/ton (2014) to 0.10 (m3/ton) for dry processing (average of 
0.16 ± 0.04 m3/ton) showing an increasing water use efficiency over 
time. Other Brazilian companies present similar coefficients for iron ore 
Table 2 
Literature review of water input coefficients (in m3 / ton of ore).  
Metal Name of source Type of coefficient (per ore or per metal) Type of data1 Minimum Average Maximum 
Bauxite (Northey et al., 2019) Ore CD 1.59 1.99 2.39 
Bauxite (Tost et al., 2018) Ore LR 0.02 0.4 1.15 
Bauxite (Tost et al., 2018) Ore SR (Compilation) – 0.6 – 
Bauxite (MMA, 2011) Ore CD – 3.42 – 
Bauxite (Alcoa Aluminio, 2014–2018) Ore SR 0.41 0.69 0.97 
Bauxite (CBA, 2017–2018) Ore SR 1.6 1.88 2.15 
Bauxite (Mineração Rio do Norte SA, 2014–2015) Ore SR 0.92 1.08 1.25 
Copper (Tost et al., 2018) Ore LR 0.37 0.77 1.16 
Copper (MMA, 2011) Ore CD – 1.86 – 
Copper (DGA, 2017) Ore (Concentration method) CD 0.38 0.61 0.85 
Copper (DGA, 2017) Ore (Hydrometallurgy method) CD 0.1 0.12 0.12 
Copper (Northey et al., 2014) Ore (Pyrometallurgy method) LCA – 0.62 – 
Copper (Northey et al., 2014) Ore (Hydrometallurgy method) LCA – 0.32 – 
Copper (Northey et al., 2018) Ore CD 0.1 9.59 19.08 
Copper (Northey et al., 2018) Ore CD 0.12 0.23 0.34 
Copper (EroCopper, 2017–2018) Ore SR 0.86 1.02 1.17 
Iron (Tost et al., 2018) Ore LR 0.09 0.6 3 
Iron (Tost et al., 2018) Ore SR (Compilation) 1.05 1.23 1.41 
Iron (MMA, 2011) Ore CD 0.28 0.74 1.05 
Iron (DGA, 2017) Ore CD – 0.2 – 
Iron (Vale, 2014–2018)2 Ore SR 0.44 0.7 0.95 
Iron (Usiminas, 2017) Ore SR 0.3 0.58 0.87 
Iron (Vallourec, 2015–2018) Ore SR 0.66 0.83 1 
Iron (CSN, 2014–2017) Ore SR 0.89 1.03 1.18 
Iron (Northey et al., 2019) Ore CD 0.13 0.18 0.23 
1Study based on Company data (CD), compilation of literature values (LR), sustainability report (SR), and life-cycle assessment (LCA). 
2Average specific coefficient obtained from the sustainability report without any treatment due to the differences of ore processing per site. 
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operations during 2014 – 2017 (i.e. Usiminas, from 0.79 m3/ton to 0.67 
m3/ton, with an average of 0.66 ± 0.25 m3/ton and CSN, from 1.18 m3/ 
ton to 0.67 m3/ton, with an average of 1.03 ± 0.20 m3/ton). This intra- 
regional variability can be driven by the types of operations and process 
routes in place, access to different sources of water (surface or ground-
water), efficiency in use and reuse at mine scale, and local water 
availability or climatic settings. Overall, these numbers are in the same 
order of magnitude as the coefficients for iron ore reported elsewhere (i. 
e. Tost et al., 2018). Specific coefficients per mine used in this study also 
show a large variability per year, per company and per substance 
(Table 3). 
3.2. Water in mining at national level 
Based on the data presented above, we estimate water input from 
active mining areas at mine scale using production data as explanatory 
variable (Fig. 4). Out of the three metals, iron ore shows by far the 
largest water input. Overall, the sum of the water inputs estimated for 
Brazilian bauxite, copper, and iron ore mining shows a decrease of 15% 
from an average of 506.5 ± 62.4 hm3 in 2014 to an average of 408.4 ±
67.2 hm3 in 2017. While bauxite and copper show increasing trends, the 
demand for iron ore decreases significantly, from 435.8 ± 43.1 hm3 in 
2014 to 295.1 ± 34.0 hm3 in 2017. The observed decrease can be 
explained mainly by the decline of the specific input coefficients 
retrieved from company sustainability reports for 2017 compared with 
2014–2016. 
Bauxite and copper show a similar behavior for water input with the 
variation over time falling on the margin of error (i.e. from 40.6 ± 6.9 
hm3 to 52. 0 ± 8.3 hm3 for bauxite mining and 30.0 ± 12.39 hm3 to 61.4 
± 24.8 for copper mining). 
3.3. Water inputs in mining at regional level 
Our findings regarding the water input for mining activities in Brazil 
are supplemented with a spatial analysis. Mining activities occur in a 
range of geographical settings and in almost all regions in Brazil (Fig. 5). 
However, Minas Gerais (Southeast region) and Pará (Northern region on 
the Brazil’s Amazon Forest) are the states where mining is specifically 
concentrated. These states show the largest water demands due to (1) 
the prevalence of iron ore mining in both regions and (2) bauxite and 
copper mining activities in Pará. 
Thus, at the regional level, for the three commodities the largest 
inputs of water inputs in the period 2014–2017 can be found in the 
central region of Minas Gerais – the IQ area. Due to the large extension of 
iron ore mining in Minas Gerais (58 of 75 active iron ore mining areas), 
the state contributes an annual average of 55% to the total inputs esti-
mated for the three metals in 2014–2017. Out of the 369±35.3 hm3 for 
2014, iron ore was responsible for 99%, and bauxite mining for 1% 
respectively. The 22 iron ore mines located at the IQ area (municipalities 
of Nova Lima, Congonhas, Itabira, Mariana, and Itabirito) account for 
roughly one third of the 58 iron ore mines in the Minas Gerais state and 
represent more than 60% of the water demand in the state over the 
period. 
Although higher water inputs for the three commodities are in the IQ 
area, our results reveal that large-scale industrial mining operations in 
Brazil’s Amazon Forest also demand a considerable amount of water, 
also as a consequence of the increasing in mining exploration as well as 
because of the favorable geographical settings (i.e. the highest precipi-
tation rates per year in Brazil and an overall water abundance). For the 
states of Pará and Amapá, more specifically for the famous mining re-
gion Serra dos Carajás, with a cluster of 12 active mining areas for 
copper and iron ore located in the southeast of Pará, we estimate an 
increase in water demand for bauxite, copper, and iron ore mines from 
104.6 ± 18.7 hm3 (2014) to 140.1 ± 31.6 hm3 (2017). 
3.4. Water inputs at mine level 
Besides the regional and municipal scale, our results present the 
water demand for 97 active mining areas (Table 4). Our water time 
series data at mine scale serves as a proxy to highlight water intensity by 
commodity. Estimations for bauxite and iron ore water input per mine 
show a similar variation in order of magnitude. 
Bauxite mining shows an average water demand per site ranging 
from 2.9 hm3 in 2014 up to 3.5 hm3 in 2016, while iron ore ranges from 
3.2 hm3 in 2017 up to 4.4 hm3 in 2014. Our results also show an overall 
higher water intensity for copper mining operations, with an average 
water input per mine ranging from 3.8 hm3 in 2014 up to 7.7 hm3 in 
2017. Copper mines also present a higher average water intensity inputs 
per mine / year (5.7 hm3) for 2014 – 2017 than iron ore (3.8 hm3). 
Average water input intensity per bauxite mines is 3.3 hm3/year for the 
whole period. 
Table 3 
Summary of specific water input coefficients (m3/ton) used for water input estimates for Brazilian mines per year.  
Metal Year Minimum Average Maximum Standard deviation  
(lower – upper) 
Range resulted of  
the literature review 
Bauxite 2014 0.85 1.04 1.25 0.16 – 0.27 0.02 – 3.42 
2015 0.88 1.42 2.08 
2016 0.54 1.41 2.15 
2017 0.75 1.50 2.15 
Copper 2014 0.54 0.54 0.54) 0.22 0.10 – 19.08 
2015 0.54 0.54 0.54 
2016 0.54 0.54 0.54 
2017 0.54 0.62 1.17 
Iron Ore 2014 0.22 0.85 1.24 0.04 – 0.25 0.09 – 3.00 
2015 0.18 0.79 1.25 
2016 0.16 0.85 1.44 
2017 0.11 0.66 1.17  
Fig. 4. Time series of water input over the period 2014 – 2017 for 
each commodity. 
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For bauxite ore, higher water inputs can be seen in the operations of 
MRN (average of 22.4 ± 3.5 hm3/year), Paragominas (13.8 ± 6.7 hm3/ 
year) and Juriti (4.2 ± 1.2 hm3/year) in Pará. These three sites account 
for up to 90% (data for 2014) of the total water input for bauxite. Lowest 
water inputs for bauxite are spatially concentrated on Minas Gerais 
(eight active mining areas) and Goiás (two sites) states. 
In the case of copper, only three sites (i.e. Salobo, Chapada and 
Sossego) represent more than 95% of the total water input during 2014 – 
2017. Highest water demand for copper activities at mine scale can be 
found at the Salobo project in Pará. We estimate for this site a peak of 
28.6 ± 11.9 hm3 in 2017 for copper ore extraction, showing an increase 
on water demand of 330% compared to 2014 (8.5 ± 3.5 hm3). Lowest 
inputs for copper ore extraction can be found at the Splendour and Joppi 
sites (< 1% of the total water demand for copper), located in the 
northeast region. 
The Brucutu mine, owned by Vale S.A. and located in the IQ area, 
presents the highest water demand for iron ore, accounting 37.9 ± 1.5 
hm3/year with a peak of 44.3 ± 2.5 hm3 in 2016. On average, the 
Brucutu mine comprise 10% of the total water input by iron ore. Other 
sites operated by Vale S.A. on the Carajás Iron Ore Mining Complex, 
Serra Norte (i.e. N4E, N4W, N5 and Serra Norte mines, with an average 
of 12.8 ± 1.4 hm3 per year / site), located at Pará and with a predom-
inance of dry ore processing techniques, add up to 14 of the total water 
input by iron ore over the period. Whereas our general results show a 
decrease of water inputs for iron ore, the highest observed increase for 
regional context is due to the S11D Iron Ore project (former Serra Sul). 
Located on Serra dos Carajás / Pará, the mine site became fully opera-
tional in 2017 demanding 7.1 ± 1.0 hm3 of water in the first year. 
As stated above, when analyzing water input numbers, it is imper-
ative to compare the results with the local climatic context. Fig. 6 
compares total water input as estimated per mine site and cumulative 
rainfall for 2017. Our regional analysis shows that most of water inputs 
at regional context are spatially concentrated on mining activities in 
Minas Gerais (Southeast region) and Pará (Amazon region). 
In terms of the overall climate settings, these two regions present 
different characteristics due to the rainfall regime and intensities. The 
highest water inputs at the Amazon region for 2017, the Carajas Mining 
Complex (Serra Norte - N4E, N4W, N5, Serra Norte) and the sites of 
Paragominas, MRN, Sossego and Salobo, have received larger inputs of 
rainfall spanning from 1800 mm (Sossego) up to 2550 mm (Para-
gominas). In spite of the rainfall variability across Brazilian regions, the 
largest overall water input per site do not show an explicit spatial con-
centration on the wettest regions. Thus, with lower rainfall inputs 
compared to the Amazon region, the highest water inputs estimated on 
the Southeast (IQ area) and in the Central West regions, comprising sites 
like Casa de Pedra, Brucutu, Minas Itabirito, Minas Rio, among others, 
Fig. 5. a) Total water input, average water coefficient per metal and state, and pie-chart comprising the proportion of water input per commodity estimated per state 
for 2017 (i.e. the overall water input per state equals to the sum of the 3 substances); b) Water input for mine operations for the year of 2017 at Pará and Amapá states 
at the municipality scale; c) Water input for mine operations for the year of 2017 at Minas Gerais state at the municipality scale. 
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have received less than 1350 mm in 2017. 
A severe drought, with a 100-year recurrence interval (ANA, 2018b), 
affected the IQ region from 2013/14 to 2014/15, causing a critical water 
crisis in the Southeast region. In addition, the 2016/2017 season was dry 
to extremely dry period over many regions in Brazil, with a 13% 
decrease in rainfall overall (ANA, 2018b), affecting water availability on 
the IQ Area. Also, some studies (i.e. Nobre et al. (2016) and IBGE/ANA 
(2020)) describe how the water consumption and the 
socioeconomic-political situation increased vulnerability and may have 
aggravated the situation. Agreeing with this statement, the water input 
estimated here for Minas Gerais and the IQ area were higher in the 
2014/2015 (369.3 hm3 for 2014 and 351.1 hm3 for 2015) compared 
with the season of 2016/2017 (335.6 hm3 for 2016 and 244.2 hm3 for 
2017). 
Official numbers of water input for the Brazilian mining sector show 
an increasing trend for 2014 – 2017 (IBGE and ANA, 2020), despite the 
rainfall regimes for the Southeast region. However, besides the rainfall 
regime, the decrease of water inputs estimated here might also be 
related to an increase in water efficiency as reflected by the decline of 
the specific withdrawal coefficients from company sustainability reports 
for 2017 (e.g. CSN Mineração S.A. and Vale’s numbers, the main driver 
of the overall water input at the IQ Area, due to the increase of dry 
processing proportion from 10%, 2014 to 26%, 2017). 
The El Niño-Southern Oscillation episode of 2015/2016 lead to a 
widespread precipitation deficit for the Amazon Basin, in particular the 
eastern area (Panisset et al., 2017), where most of the mines in the state 
of Pará are located. Therefore, severe droughts occurred in southeast 
Pará in the 2016 season (ANA, 2018b). Despite that, our main findings 
for the water inputs for mining operations at Amazon region shows a 
10% increase for the 2014/2015 season followed by a rough 20% 
Table 4 
List of production quantities, specific inputs, and average water inputs for all copper and bauxite mines and the seven largest and lowest water inputs at mine scale per 
substance for 20171.  
Name of Mine (State) Operator Production quantity 
(ton)1 





Salobo (Pará)2 Salobo Metais 53,163,984 (E) 0.538 (E) 28.6 
Chapada (Goiás) Mineração Maracá 34,163,445 (R) 18.4 
Sossego (Pará) 2 Vale 22,179,186 (E) 11.9 
MCSA Mining Complex (Bahia) Mineração Caraíba 1771,209 (R) 1.170 (R) 2.1 
Antas (Pará) AVB Mineração 642,366 (R) 0.538 (E) 0.3 
palito (pará) serabi mineração 168,876 (r) 0.1 
splendor (bahia) splendor mineração 2634 (e) < 0.1 
Joppi Mineradora (Bahia) Joppi Mineradora 1029 (E) < 0.1 
Total for Copper Ore  112,092,729  61.4 
Bauxite Ore 
MRN (Pará) Mineração Rio do Norte 16,279,600 (R) 1.452 (E) 23.6 
Paragominas (Pará) Mineração Paragominas 11,435,200 (R) 16.6 
Juruti (Pará) Alcoa World Alumina Brasil 6422,700 (R) 0.750 (R) 4.8 
Mirai (Minas Gerais) Companhia Brasileira de Alumínio 1674,291 (R) 2.155 (R) 3.6 
N/A (Goiás) Mineradora Santo Expedito 761,103 (R) 1.452 (E) 1.1 
Pocos de Caldas (Minas Gerais) Companhia Geral de Minas 408,000 (R) 0.750 (R) 0.3 
Pocos de Caldas (Minas Gerais) Companhia Brasileira de Alumínio 371,110 (R) 2.155 (R) 0.8 
N/A (Santa Catarina) Mineração Pellanda 277,474 (R) 1.452 (E) 0.4 
N/A (Minas Gerais) Hindalco do Brasil Indústria e Comércio de 
Alumina Ltda. 
184,875 (R) 0.3 
N/A (Minas Gerais) Hindalco do Brasil Indústria e Comércio de 
Alumina Ltda. 
157,525 (R) 0.2 
Miraí (Minas Gerais) Bauminas Mineração 114,038 (R) 0.2 
N/A (Goiás) Mineração Curimbaba 32,794 (R) < 0.1 
N/A (Minas Gerais) Varginha Mineração e Loteamentos 3592 (R) < 0.1 
Itamarati de Minas (Minas Gerais) Companhia Brasileira de Alumínio 200 (R) 2.155 (R) < 0.1 
Total for Bauxite Ore  38,122,500  52.0 
Iron Ore 
Carajas Mining Complex (Serra Norte - N4E, N4W, N5, 
Serra Norte) (Pará)3 
Vale 143,388,500 (E) 0.11 (dry) - 1.17 (wet) (E) 45.8 
Brucutu (Minas Gerais)4 Vale 37,305,699 (E) 33.2 
Casa de Pedra (Minas Gerais) CSN Mineração. 29,921,000 (R) 0.69 (E) 20.5 
Minas Itabirito (Minas Gerais) Minerações Brasileiras Reunidas 22,837,346 (E) 0.11 (dry) - 1.17 (wet) (E) 20.3 
Sapecado/Galinheiro (Minha Gerais) Minerações Brasileiras Reunidas 14,980,695 (E) 0.11 (dry) - 1.17 (wet) (E) 13.3 
Fábrica (Minas Gerais) Vale 13.996.654 (E) 0.11 (dry) – 1.17 (wet) 12.5 
Minas Rio (Minas Gerais) Anglo American Minério de Ferro Brasil 16,800,000 (R) 0.69 (E) 11.5 
…     
N/A (Goiás) Titanio Goiás Mineração 24,664 (E) 0.69 (E) < 0.1 
Cajati (São Paulo) Governo do Estado de São Paulo 16,110 (E) < 0.1 
Rio Grande do Norte (Rio Grande do Norte) Mhag Serviços e Mineração 13,414 (E) < 0.1 
N/A (Minas Gerais) AVG Empreendimentos Minerários 7891 (E) < 0.1 
N/A (Mato Grosso) Votorantim Cimentos 5292 (E) < 0.1 
Araxá (Minas Gerais) Companhia Brasileira de Metalurgia e 
Mineração 
3489 (E) < 0.1 
N/A (Ceará) Libra Ligas do Brasil 1519 (E) < 0.1 
Total for Iron Ore  462,325,248  295.0 
Overall Mining water input in 2017   408.4 
Note: For the table of results, all entries corresponding to bauxite and copper are included. For better visualization, only the seven mines of iron ore with lowest 
production values and the seven with highest production values are included. A list of all data for all mines can be found in the supplementary information. 
1 (R) for reported production or water input, (E) for estimates. 
2 Only copper concentrate production was related for Salobo and Sossego mines on company reports. 
3 Production of iron ore reported for the whole Carajás Iron Ore Complex, Serra Norte. 
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increase for the 2015/2016 season (i.e. from 104.6 hm3 to 119.4 hm3 in 
2014/2015 and to 143.4 hm3 for 2016 for Pará state). Whilst this may be 
counterintuitive, the methodology proposed here results in an increase 
on the production numbers for 2014–2017 and a slight decrease in the 
specific withdrawal coefficients for Vale’s operations at the Carajas 
mining complex (highest water input on the region) (i.e. from 1.24 
m3/ton to 1.17 m3/ton for wet processing and 0.21 m3/ton to 0.10 
m3/ton for dry processing techniques) and the Serra Sul site. 
3.5. Putting the results into context 
Gunson (2013) estimated that global water inputs for the mining 
sector range from 6900 to 7800 hm3 between 2006 and 2009. Assuming 
these numbers are in the same order of magnitude in 2017, the overall 
water input of 1.030 hm3 for mining activities in Brazil for 2017, as 
described by ANA (2019), accounts for roughly 13% of global mining 
water input. 
Focusing on the three selected metals, Gunson (2013) estimated that 
bauxite, iron, and copper extraction were responsible for 24% of the 
total global water abstractions. Comparing our numbers with the global 
numbers of Gunson (2013), we estimate that bauxite, iron ore and 
copper activities in Brazil sums up to 6% of the global total of the mining 
sector. This means that our numbers for Brazil account for about 25% of 
Gunson’s global total. 
In comparison, Tost and colleagues (2018) estimate the global water 
input for bauxite, copper, and iron ore mining for 2016 is between 2905 
hm3 and 4695 hm3 using minimum and maximum specific inputs co-
efficient obtained from company sustainability reports. This means that 
our average numbers (494.4 hm3in 2016) show Brazilian mines ac-
counting for 11% up to 16% of the global water inputs necessary for the 
mining of the three metals. This range observed to similar studies could 
be related to the uncertainty on the estimation process jointly with the 
lack of information on specific water input at mine scale and its impacts 
on regional / national / global studies. 
Also, for a national context, using ANA (2019) as a baseline for 2017, 
the water input estimates presented in this paper contribute for 42% of 
all water input for the mining sector in Brazil. Even though ANA (2019) 
results are aggregated on a municipality scale, we need to highlight that 
the methodology used by ANA (2019) determines a specific input co-
efficient for the whole country of 3.42 m3/ton for bauxite and 1.05 
m3/ton for iron ore (copper is not individually treated) which are sys-
tematically applied at regional level and do not consider mine 
site-specific differences. Moreover, these values are overestimated than 
average coefficients applied in this study (i.e. 1.34 m3/ton for bauxite 
and 0.79 m3/ton for iron ore) and does not take the uncertainty at the 
national or regional level into its accounts. 
4. Discussion 
4.1. Closing the data gap 
Official data on mine-specific water inputs is still unsatisfying. 
However, it is a prerequisite for local and regional water management to 
ensure water demand by different actors and the environment are met. 
This paper aims to fill the data gap by presenting for the first time a 
methodology for estimating spatially explicit the water inputs by the 
mining sector in Brazil. To do so we collected available but not yet 
comprehensively compiled data and where necessary further disaggre-
gate it with relevant proxy data provided by official statistics. By that 
means we quantify spatially explicitly the annual water input in the 
mining of the three metals iron ore, bauxite, and copper ore. 
Here we suggests the use of the reported or estimated production 
tonnages to estimate the water inputs and water intensity following the 
examples of different scholars (e.g. Tost et al. (2018), Northey et al. 
(2019)) and national reports (e.g. Lovelace et al. (2009), Dieter et al. 
(2018) by USGS (2020) and by ANA (2019)), which claim production 
quantities to be a meaningful proxy to estimate the amount of water 
which has been withdrawn from the environment and it is used at mine 
scale to several demands. The method developed here for estimating 
water inputs at mine level using Brazilian official databases (statistics +
spatial) and open-access information (i.e. company and sustainability 
reports) represents a consistent contribution to integrated water re-
sources management at local and national scale. This highly detailed 
spatial data can be evaluated with basin-scale water accounting, to 
provide consistent information linking data of water availability and 
scarcity of freshwater resources to abstractions for mining operations. 
Our proposed methodology aims at quantifying the amount of water 
a mine requires for its operations. Due to restricted data availability, we 
do so independently from the source (e.g. surface water, groundwater, 
sea water, rain water or third party water), the quality, or the use within 
the mine. While we recognize that this approach does not reflect the 
complete diversity of the interaction between a mine and the hydro-
logical environment, we see it as an important first step in a data-scarce 
context for a comprehensive regional / national assessment of water 
inputs at the catchment scale. It can be used as a blueprint in other 
countries where (1) mining plays an important role both in economic 
and environmental/hydrological terms, (2) data on water inputs are 
scarce, but similar proxy data, such as data on production or mining 
concessions exist. The results can be understood as a motivation to scale 
the application of the methodology up to more countries or regions. 
Furthermore, offering a methodological approach to close the gap in 
information available on developing countries is essential to improve 
water resources management at the catchment scale 
4.2. Uncertainties 
One of the main sources of uncertainty of the water accounting for 
mining operations in Brazil is related to the lack of mine-specific pro-
duction and water input data in public databases due to data confi-
dentiality and restricted availability (i.e. the Brazilian Annual Mine 
Report - RAL-ANM). Due to the lack of information at mine-scale for 
Fig. 6. Total water input and cumulative rainfall for 2017. Rainfall data from 
CHIRPS v0.2 (Climate hazards group infrared precipitation with stations) 
(Funk et al., 2015). 
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several iron ore and bauxite mines we had to adopt average annual 
specific water input coefficients per mine considering the operator as the 
main proxy, and a general coefficient for copper mines for 2014- 2016. 
While this represents a simplification and introduces some degree of 
uncertainty in our water input estimations, we succeeded in highlighting 
the large uncertainties in regional or national studies. For instance, if 
compared with former studies for the whole Brazilian mining sector 
(ANA, 2019), our estimate only for the three selected substances 
amounts for more than 50% of the overall water demand. Hence, one 
can assume that applying our method to all metals mined in Brazil the 
overall amount would surpass ANA’s estimate by far. 
A second type of uncertainty is associated with the level of detail of 
data provided in company reports. Most of the available reports are from 
multi-national companies that report water input as a total for all their 
operations worldwide. As recognized already by Gunson (2013), this 
kind of reporting is even more meaningless since companies are regu-
larly acquiring and selling properties, and water appropriation cannot 
be allocated to specific locations. The number of companies that report 
on a national scale or site-specific is much lower. 
In our case, also data reported for the national level was useful, since 
we derived the mine specific proportion of this water input by projecting 
it to the more detailed company-specific production values that we 
obtained. Nonetheless, this limitation introduces a new level of uncer-
tainty for estimating water input at regional scale, since there is a 
variability in water input within commodities as presented on Table 3. 
To address these data gaps, the method presented here assumes a range 
of water coefficients based on the reported data per metal to estimate an 
uncertainty range of water input per mine site. For instance, for iron ore 
sites a range of 0.3 – 1.18 m3/ton was reported by companies whilst 
bauxite sites show a range of 0.41 – 1.20 m3/ton. That is, a compre-
hensive understanding of the reliability of the water inputs estimated 
here should be based on the assessment of the water coefficients derived 
and the level of uncertainty embodied in the variability of water in-
tensity obtained per metal and per company (e.g. represented by the 
standard deviation of ±0.04– 0.25 for iron ore sites, ± 0.16 – 0.27 for 
bauxite sites, and ±0.22 for copper sites). However, we agree with 
Northey and colleagues (2019) that water inputs has great variability 
between regions and therefore it would be necessary to validate these 
coefficients with real numbers. 
An overall challenge to understand the water requirements per 
mining site in a regional context still is the standardization of concepts 
used in companies reports and in the scientific literature. Even though 
several reports consulted here aim at following international standards, 
there is a lack of a comprehensive application of the reliable terminology 
as proposed by the MCA (2014) in terms of defining flow types (i.e. 
surface, groundwater, rainfall, third-party water). Hence, as analysts are 
facing difficulties as terms like water input, withdrawal or consumption 
are often used as synonyms, which brings another layer of uncertainty to 
this analysis. 
Describing water inputs at mine-site scale provide reliable informa-
tion since scarcity and excess of water are often related to climatic ex-
tremes. In our estimations, the largest overall water input per site in 
Brazil do not show an explicit spatial concentration on the wettest re-
gions. While we recognize that rainfall is one of the keys factors influ-
encing mine water management, the differences in terms of rainfall 
variability and seasonality across the main mining regions in Brazil (i.e. 
IQ and Amazon areas) shows in site water management can be a critical 
issue for operations in the driest or wettest regions or seasons. The 
challenges that may arise from these conditions can be reduced by the 
implementation of water management strategies (Gao et al., 2013; 
Aitken et al., 2016) like surface/runoff management or the adoption of 
new technologies to improve water recycling at the mine site. However, 
the limitations and uncertainties on the data sources described above 
when considered in a regional or a national scale, notably the lack of 
definitions about the type of water sources being reported, presents a 
major challenge to address a mine-by-mine analysis of climate context 
and tailings contribution to assess the impact of the climatic context. 
In addition, we are aware of the different parameters influencing 
water input, which need to be taken into account when drawing con-
clusions from the results. Due to the lack of detail in the reported data, 
this analysis is restricted to quantities of water input, without being able 
to assess thoroughly aspects like processing techniques, the extension of 
road networks and related dust suppression or tailings disposal options 
per site. Table 1 contains information on the applied tailings disposal 
option as reported by the companies, as well as regarding the imple-
mentation of water recycling. In contrast to wet tailings, fine residues 
deposited in dry stacks do not contain much water, as most of it is 
recovered and reused in the processing plant. These results assessed with 
water input estimations only allow to draw first conclusions regarding 
the influence of these parameters. For instance, a trend can be seen that 
the sites with largest water inputs have wet tailings. However, a more 
detailed assessment is needed in future research to evaluate water re-
quirements per site due to processing and tailing options in place and its 
influence on water-site management. 
4.3. Informing policy making 
A major contribution of this study is to serve as a basis for compre-
hensive assessments of water and land policies in Brazil. Thus, quanti-
fying water input at the mine scale can support a comprehensive 
assessment of the key water-related risks linked with regulatory frame-
works, especially in a scenario of mining expansion tendency in a climate 
change context and its possible effects for the global mining sector. This is 
particularly important with regard to three aspects. (1) Mining water 
demand can have a significant impact on catchment water balance in 
terms of quantity, especially for regions with drought risks, such as the 
Southeast and Northeast regions of Brazil Compiling water input data 
helps identifying mines where the risk of conflicts about water are 
largest. (2) It can assist with assessing requirements for storage freeboard 
before the wet season to minimize risks of non-compliant mine water 
releases. This can help identifying mines with greatest risk of tailing dam 
failure, due to high rainfall contribution. (3) Quantitative water use can 
be understood as the underlying pressure causing lower water quality 
and hydro-morphological changes due to river diversion, which are often 
sources of conflicts. Addressing water efficiency, but more importantly 
overall water input at mine site level by means of regulatory policy- 
making will consequently reduce the negative impacts on water quality 
for the surrounding ecological and human environment. 
For instance, we demonstrate a clear growing trend of water input for 
iron, bauxite, and copper mines at the Serra dos Carajás in the south-
eastern portion of the state of Pará, where twelve active mines - 
including the world’s largest iron mine – operate. This evidence of an 
increase in mining operations and related environmental impacts in 
Brazil’s Amazon forest is supported by other studies. Matlaba and col-
leagues (2019) use socioeconomic indicators to assess the effect of the 
expansion of mining projects in Pará. Sonter and Panisset (2017) iden-
tified deforestation that stretched in 70 km buffers further away from 
the defined lease range of the Carajás mine. 
The above-mentioned systematic improvements on water accounting 
for mining operations at mine-scale in Brazil would support local and 
regional water management allowing the allocation of water resources 
efficiently over time and the understanding of the impacts of water re-
sources management on mining operations at a highly detailed spatial 
level. The regulatory framework in place aiming at improving mine 
water management - such as the PNRH (National Plan of Water Re-
sources) and the National Policy of Water resources (ANA, 2018a) – 
could be further improved by specifically calling for an inclusion of the 
management of mine-impacted water, particularly freeboard re-
quirements before the wet season. 
Furthermore, the studies on water input in mining provide an 
essential contribution to the Sustainable Development Goals, specif-
ically SDG 6 - Water and Sanitation – and the efforts of knowledge 
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generation and technology adaption aimed at a more efficient man-
agement of water resources (UNESCO, 2019). For instance, the detailed 
understanding of water inputs by mining operations presented here has 
a large potential to support the monitoring of water-efficiency by eco-
nomic purposes over time (6.4.1 Water use efficiency) and the water 
input intensity (6.4.2 Level of water stress). 
4.4. Future research 
From the compilation of the dataset on water input in the Brazilian 
mining sector, we can identify the following necessary next steps: 1) 
Understand the main geographical drivers of water inputs for local 
mining activities (i.e. hydrological and climate settings) as well as 
technological boundary conditions, to set water estimates of inputs and 
consumption into a context of an in-site water management. 2) Describe 
mining exploration technologies adopted in Brazil in terms of water 
efficiency and how this can be related with water input and consumption 
at mine scale. This includes the assessment of water requirements per 
site due to processing and tailing options in place and its influence on 
water-site management. 3) Develop methods for assessing mine-site 
water input for the validation of specific input and consumption co-
efficients reported in company and sustainability reports ensuring data 
quality standards for shared information as a part of reporting obliga-
tions. 4) Link mining activities and water inputs per substance at mine 
scale with global economic trends and socioeconomic and water-related 
conflicts. 5) Establish links between water quantities and water quality 
issues per sites as a consequence of mining processes, runoff manage-
ment and the volumes of returns flows from mines to the environment. 
5. Conclusions 
The mining sector plays an important role in the Brazilian economy. 
The present study focusses on the quantification of water input in the 
mining sector as a relevant pressure on the local aquatic environment. 
We present a methodological proposal for comprehensively estimating 
the water inputs in the mining sector in Brazil by means of collecting 
available but not yet comprehensively compiled data. To test the 
methodology, we apply it to the three metals iron ore, bauxite, and 
copper ore and quantify spatially explicitly, i.e. per mine, the annual 
water input for each metal. By that means, we manage to estimate water 
input in mining for the large majority of the mines with a lot higher 
accuracy than provided by national estimates so far. 
However, we show that data availability and accuracy is still very 
much restricted for different reasons. Standardization agencies such as 
ICMM, MCA, and GRI should continue to push for companies to disclose 
their water input on a site- and substance-specific level of detail, such as 
already included in the latest water accounting guidelines of ICMM 
(ICMM, 2017). Similarly, public water and mining regulation in-
stitutions at the national level such as ANA and ANM should advise 
companies operating in the country and make sure that these standards 
are being followed in line with the information and knowledge sharing 
policies to allow for the evaluation of water management performance 
and environmental risk exposure. Further, more transparency and con-
sistency of company reporting and mining databases would be needed, 
since they could have offered a much more straightforward path to 
describe water inputs at a highly detailed level. 
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